Introduction Stopping Sight Distance control of passing lanes of divided highways represents currently a discussion point among researchers. A 3-D approach to address the issue is accepted as the overall solution to the problem by both researchers and contemporary design policies. This paper aims to contribute to the problem by presenting a sound and practical design solution to it with an analytic and a design values based format. Methods The solution approach consists of both a realistic description of the 3-D highway configuration and a 3-D vehicle kinematics calculation of the stopping maneuver along the vehicle's actual path. A SSD control method, previously developed by the authors', that relates concurrently the 3D configuration of a roadway to the kinematics of a vehicle moving along the actual roadway path, is applied, as a tool for the assessment of critical design parameters directly related to SSD adequacy. Results A rather comfortable alignment case consisting of a left curved divided highway overlapped with crest vertical curve parameters for numerous horizontal-vertical arrangements is examined, where an extensive area of SSD inadequacy during emergency braking procedure is reported. Conclusions The authors propose that the optimal solution to achieve SSD adequacy on left curved divided highways is to increase object height. This would preserve design consistency as well as driver expectations, by avoiding the need for lateral widening or site-specific speed limits. More specifically the object height is suggested to be equivalent to the driver's height of 1.08 m (AASHTO 2011). This would require additional stop lights on those vehicles whose stop lights are currently below this level. Although such a requirement regarding the current vehicle fleet is not feasible, vehicle industries as well as road design guidelines should address this issue in the near future.
Introduction and problem statement
In current highway design practice [1] [2] [3] [4] , the threedimensional highway geometry is still addressed by designing it in two independent and mostly uncorrelated twodimensional stages, namely, the horizontal alignment and the vertical profile. This 2-D approach while inevitable in many cases has proven to be associated with design misconceptions that influence the design performance adversely. For example, based on the recent German RAL (2012) rural road design guidelines [5] , critical safety issues may rise in cases where crest vertical curves are designed in advance of horizontal curves due to the limited perception by the drivers of the horizontal alignment. In general, such cases of design misconceptions are experienced during the determination of the critical parameter of Stopping Sight Distance (SSD).
However, the 2-D SSD calculation is inexact, fragmentary and may produce design deficiencies due to inaccurate calculation of the available sight distance. Hassan et al. [6] , for example, stated that 2-D SSD investigation might underestimate or overestimate the available sight distance and consequently lead to safety violation. Furthermore, a pure 2-D SSD design control can be detrimental to the cost or performance of a divided highway. In many cases of SSD inadequacy a usual solution is either an increase of the inner shoulder width or to a decrease of the posted speed under wet pavement conditions, the latter being a common case in Europe due to a lack of available land. Therefore contemporary highway design policies try to define 3-D design rules that assist designers efficiently and address the SSD inadequacy problem. For example, the Green Book [1] stresses that, in order for SSD provision to be granted, the vertical curve should be entirely designed inside the horizontal curve. In the Spanish Design Guidelines [4] the desired horizontal-vertical curve arrangement is reached when the vertical crest curve falls completely inside the horizontal curve including spirals. However, such provisions do not actually address all design cases and therefore a final 3-D perspective evaluation of the roadway is inevitable [2] .
In recognition of the deficiencies of 2-D design approach in SSD evaluation, many researchers have started addressing the problem directly in three dimensions. One of the first researchers that assessed the available sight distance on 3-D alignment, Sanchez [7] , studied the interaction between the sight distance and the 3-D combined alignment idealized into a net of triangles using Inroads software [a specific road design software, (http://www.bentley.com)]. In this research, the operator, assisted by the different views generated by the computer, was able to determine the obstruction impeding the driver's sight line. Although this methodology was accurate, it was very time consuming since the available sight distance was determined graphically (not analytically).
Several years later, Hassan et al. [8] presented an analytical model for computing available sight distance on combined horizontal and vertical highway alignments, using parametric finite elements (4, 6 and 8-node rectangular elements as well as 3-node triangular elements) to represent the highway and sight obstructions. The idea behind the proposed model is summarized in checking the driver's sight line, which is represented by a straight line between the driver's eye and an object, against all the possible sight obstructions, by using an iterative procedure.
Lovell et al. [9] developed a method to calculate the sight distance based on horizontal geometry, without considering the effect of vertical geometry. Nehate and Rys [10] described a methodology to define the available sight distance using Global Positioning System (GPS) data by examining the intersection of line of sight with the elements representing the road surface. However, the available sight distance was not based on the road's compound (horizontal and vertical) alignment.
In order to evaluate the actual sight distance in real driving conditions, a number of 3-D models can be found in the literature [11] [12] [13] [14] [15] [16] [17] which base their performance through the correlation between the road surface, the ground terrain and the roadside environment and aim at optimizing the available sight distance.
Recently, Kim and Lovell [18] delivered a 3-D sight distance evaluation method where an algorithm is used to determine the maximum available sight distance using computational geometry and thin plate spline interpolation to represent the surface of the road. The available sight distance is measured by finding the shortest line that does not intersect any obstacle.
Jha et al. [19] proposed a similar to the present paper 3-D methodology for measuring sight distance along a roadway's centerline, utilizing triangulation methods via a specific algorithm introduced for this purpose, consisting of three stages, namely road surface development, virtual field of view surface development, and virtual line of sight plane development. However, the process involved multiple software platforms, thus delivering an accurate but non-flexible outcome.
The above mentioned 3-D models are capable of simulating accurately compound road environments where an unsuccessful arrangement of vertical and horizontal alignment may exist, and therefore allow the definition of the actual vision field to the driver. However, as already stated above, most of the previously mentioned research studies are focused in optimizing the available SSD by introducing either new algorithms or design parameter combinations, ignoring in many cases the topographic visual restraints. Moreover, none of the above mentioned approaches suggested a comprehensive methodology to simulate from a 3-D perspective concurrently both the alignment design and the vehicle kinematics on the road surface during emergency braking.
The SSD adequacy investigation that follows is an accurate procedure, based on a realistic representation of the roadway features, where the ground, travel surfaces and roadside elements are all taken into account. Although the developed methodology can be assessed on any road type, the present paper is focused in investigating SSD adequacy on left curved divided highways, since as stated later in the manuscript, this alignment type is critical. In particular, the proposed procedure identifies areas of interrupted vision lines between driver and obstacle at left-turn curves due to the presence of median concrete barriers, where the vision line lengths may be less than the required distance necessary to bring the vehicle safely to a stop. The procedure can be implemented to new road designs and existing divided highways alike, where in addition to other investigations the impact of the object height to the SSD design control, in terms of providing possible realistic solutions based on existing design parameter selection, is addressed as well.
SSD modeling proposal
In the present paper, the SSD adequacy investigation is based on a process, recently proposed by the authors that relates the 3D configuration of a roadway to the kinematics of a vehicle moving along the actual roadway path, based on the difference between the available and the demanded SSD [20, 21] . The full mathematical background of the proposed SSD assessment is fully described in [20] . Both SSD DEMANDED and SSD AVAILABLE are briefly presented below.
Calculation of SSD demanded
According to existing design policies, the demanded SSD consists of two distance components: the distance traveled during driver's perception-reaction time to the instant the brakes are applied and the distance while braking to stop the vehicle (pure braking distance). The SSD model adopted by many Design Policies is represented by Eq. (1).
where : In the SSD DEMANDED determination, the above formula ignores curved areas of both horizontal and vertical alignment, since, on one hand, the portion of friction provided in the longitudinal direction, assigned to serve the braking process, is associated directly to the friction demanded laterally [22] , and on the other, the grade values involved in vertical curves are variable. In order to incorporate the effect of these parameters, simple considerations based on the mass point model as well as the laws of mechanics were applied respectively. As a result Eq. (1) was enriched by the utilized longitudinal friction, based on the well-known friction circle [22] , as well as the actual grade influence, defined by adding portions of pure braking distances extracted for time fragments (steps) of 0.01 sec, the effect of which seems to be significant in combined horizontal and crest vertical curved alignments [21] .
Calculation of Available Sight Distance (ASD)
The ASD is described as the uninterrupted line of sight between the driver's eye and the obstacle, and depends mainly on the alignment configuration as well as the various sight obstructions due to constructional elements or equipment of the roadway (backslopes, barriers, walls, etc.).
In the present paper, in order to laterally position the driver's eye at any desired offset from the typical crosssection centerline, as well as to identify visibility levels due to the presence of these elements, the term roadlines is introduced. Roadlines are defined as lines running longitudinally across the roadway that split the road's cross section into areas of uniform or linearly varied transverse slopes. Roadlines can be defined beyond the travel area as well to include the remaining distinctive parts of a road's cross section, namely, roadside elements, cut-fill slopes and slope-ground intersection [20] . The roadline calculation step is user-specified and delivers a number n of cross-sections where n is defined as the total roadway length divided by a selected calculation step. It is obvious that the precision of the available SSD definition depends on the selected incremental distance (calculation step). In general, a step value of 5 m delivers adequate precision.
Furthermore, by connecting a point on one roadline with two relative points on an adjacent roadline, a network of triangles is created representing the roadway surface. The creation of the final roadway model is based on the triangulation of the above mentioned distinctive parts.
Equations of analytical geometry are applied at that time, in order to describe lines of sight beginning from the driver's eye and to determine their intersection points with triangles formed by the road geometry as well as features that may restrict the driver's vision towards the object [20] .
SSD adequacy
SSD adequacy is granted when:
The available and demanded SSD values are defined through the difference of the road stations between starting and ending points, assumed at any desired axis offset, usually equal to half of the lane width. The above process is recently incorporated in H12 road design software [23], used by many engineering firms in Greece for road designing, and applied for the assessment that follows.
The credibility of the road design software in defining the SSD AVAILABLE was validated against an existing road section lacking SSD adequacy, which was surveyed via laser scanner [24] . The graphical definition of the available SSD values, using appropriate market software [25] , was correlated against the relevant SSD values extracted from H12, where the available SSD values from the two different assessments were found to be almost identical.
Median barrier design on divided highways
Roadside barriers are placed in the longitudinal direction of high-speed roadways to redirect errant vehicles and shield them from hitting obstacles along either side of the road [1, 26] . Barriers may also be placed in the median area to prevent out-of-control vehicles in one direction from crossing to the other road direction, in which case they are called median barriers. The presence of median barriers on left-turn curved divided highways, although they increase the level of safety, under certain circumstances may affect the sight distance available to drivers [27] .
The selection process of the appropriate traffic barrier type is a complicated task since many parameters are involved, where the most important goals to be served are safety, operational and economic considerations. As for providing SSD adequacy, the barrier height and the clearance between the barrier and the left edge of the passing lane, known as inner shoulder width, seems to be the most critical issues [ex. 1, 28] .
Since on divided highways, in cases of potential vehicle collisions, rather shallow impact angles are expected, at least in the median areas, as well as for maintenance reasons, rigid concrete barrier types seem to be more appropriate compared to other (e.g., steel barrier) types [26] . However, in any utilized median barrier type, vehicles travelling on the opposite direction should not interrupt the driver's line of sight. Figure  2 shows a cross-section example of BNew Jersey^concrete barrier type with 0.81 m height, as shown in Roadside Design Guide [26] and as utilized in highway design in Greece.
Existing sight distance approach on left curved divided highways
Although the necessity for SSD adequacy on left-turn curves of divided highways is emphasized in current design practice [ex. [1] [2] [3] 29] , no explicit process is provided to accurately implement this control. The only available tool in defining the available SSD is the 2D approach according to which SSD AVAILABLE is defined by the lateral clearance and the curve radius. However this consideration applies only to circular curves longer than the sight distance where both driver and obstacle are positioned on the circular curve [1] . Moreover, between the driver height and the obstacle height, there is no assurance whether the barrier height and/or the presence of a vertical curve does not obstruct the driver's line of sight.
SSD adequacy in current practice is once again defined by subtracting SSD AVAILABLE from SSD DEMANDED (Eq. 2) where two different options exist:
& for a given road geometry (horizontal, vertical, typical cross-section) of a divided highway section to determine Based on this concept, many researchers addressed their concerns in SSD provision for left-turn curved divided highways. For example Arndt [30] mentioned that the SSD adequacy process using the design criteria listed in the current design guidelines would lead to very wide shoulders, which was described as uneconomical, whereas in case of maintaining the original shoulder widths, rather conservative speed limit values should be implemented [31] . Therefore the adoption of the conventional approach, given by the current practice, besides the cost or performance impacts, may lead to road safety violation as well, since either the widened inner shoulder potentially can be used as an extra traffic lane for passing maneuvers especially by motorcyclists, or areas with unexpected speed discontinuity will emerge.
Klam et al. [32] , aiming to improve available SSD in intersection areas, suggested the arrangement of shorter barriers (0.508 m high), referred to as low-profile barriers, in different locations in Texas and Florida, where merely the Test Level 2 criteria (70 km/h) of the NCHRP Report 350 [33] were reached. As to increase the Test Level a stabilized rail was suggested to be attached to the low-profile barrier.
In another research [34] , the risk evaluation of inadequate available SSD due to the presence of median barriers was examined via reliability analysis. A methodology was presented to calculate the probability of non-compliance that describes the associated risk of a driver requiring a sight distance greater than available in order to make a safe stop. However, since 2D approach instead of 3D assessment was utilized for the available sight distance, the accuracy of the results is uncertain.
Sarhan et al. [27] using previously developed software, examined the impact of roadside and median barriers on the available SSD on horizontal curves when overlapped with various vertical alignments. The results confirmed previous findings according to which the available sight distance depends on the type of the vertical alignment and the curvature of crest or sag vertical curves overlapping on the horizontal curve. The authors delivered charts, as an easy-to-use tool by designers, to estimate the available stopping sight distance on horizontal curves overlapped with a specific vertical alignment.
In AASHTO design guidelines, as far as divided highways are concerned, the recommended distance between the edge of the travelled way and the median barrier delivers available SSD values less than the relevant demanded, in order to safely lead a vehicle to a complete stop condition, before striking a sudden object [27] .
Although the conventional SSD approach is adopted in the German RAA 2008 design guidelines as well, in situations of SSD shortage, it is recommended to modify the road alignment or decrease the speed limit. In every case SSD adequacy is advised to be assessed in 3D roadway environment, where no further instructions are provided [2] .
Moreover, regarding curved sections where road safety barriers are involved, in terms of SSD adequacy assessment, it was found that through the conventional approach rather increased values of amended design parameters are delivered (e.g., increased inner shoulder widths) [29] . In these cases, less-conservative criteria for the parameters involved in the SSD adequacy process are introduced which are believed to be more realistic (ex. increased values of deceleration rate and obstacle height).
From the above it is evident that the 2D approach of SSD provision adopted in current design practice is inaccurate and at the same time closely associated to vehicle speed. The existence of a reliable tool to effectively and accurately perform SSD adequacy investigation on compound alignments (3D road environment) for a given speed value seems essential.
Moreover, none of the relevant research studies examined the impact of median barriers in SSD adequacy concurrently from the 3D alignment design viewpoint along with the vehicle kinematics. A critical issue to be examined through the present assessment is whether SSD adequacy on compound alignments and for a desired speed value can be achieved by retaining the original cross section shoulder widths. Therefore another objective of the paper is to define areas where the overlaid vertical design vertex on horizontal alignments generates SSD inadequacies and at the same time provide possible realistic solutions based on existing design parameter selection associated to SSD. Since, according to AASHTO 2011, the maximum grade value for 130 km/h assuming rolling terrain is set to 4 %, the crest vertical curve boundary grade values were set to −4 and 4 % (symmetrical) respectively.
The examined cross section at the barrier area is shown in Fig. 3 and consists of a passing lane and an inner shoulder of 3.60 and 1.20 m respectively. The median barrier of Fig. 3 is BNew Jersey^type with a height of 0.90 m (0.81 m plus safety margin), where its curvature at the top increases the inner shoulder by 0.22 m (Fig. 3) .
As far as the driver's eye and object heights are concerned, 1.08 and 0.60 m were assumed (AASHTO 2011), where the deceleration rate and the driver's perception-reaction time were taken 3.40 m/sec 2 and 2.5 sec respectively (AASHTO 2011). Finally, the lateral offsets of both driver and obstacle from the edge of the passing lane (Fig. 3) were assumed half of the lane width (1.80 m). A closer look of Fig. 4 reveals an extensive underdesign zone, located at the area where the blue line (SSD DEMANDED ) is over the yellow one [SSD AVAILABLE (3D)]. In terms of quantifying the SSD safety violation area between the SSD DEMANDED and the SSD AVAILABLE (3D), the total SSD breakdown zone, or in other words the partial road disappearance, is approximately 2472 m (area highlighted in cyan).
Commenting further on Fig. 4 , it can be seen that AASHTO 2011 design guidelines fail to warrant safety during emergency braking of a vehicle moving with 130 km/h on the passing lane of such a left curved divided highway, since the median barrier acts as a vertical wall between the object (0.60 m) and the driver (1.08 m) heights. This finding is not surprising since by applying basic geometric considerations, the barrier height (0.90 m) is greater than the average heights between the driver and the obstacle. Moreover, this assumption overestimates the actual available SSDs on curved horizontal sections overlapped with crest vertical curves [6] .
In order to grant SSD adequacy, and at the same time retain the above height values, for the same vehicle speed, cross section and vertical profile, the horizontal radius value has to be increased to more than 3500 m approximately, which actually signifies SSD investigation from a solely horizontal alignment point of view. Figure 4 represents only a single compound alignment case, where the vertical vertex is positioned at station 3200. In order to investigate, in terms of SSD adequacy, the impact of the vertical alignment throughout the relevant horizontal alignment, a shift of the vertical vertex at fixed distances was performed in second level where a clear view of critical safety concerns is provided. The horizontal axis of Fig. 5 illustrates the horizontal geometry, where the vertical quantifies the SSD shortage, since the difference between SSD DEMANDED -SSD AVAILABLE is shown. In the same Figure ( once again upper part), for 0.60 m object height, it can be seen that when the vertical vertex is placed on St.3200, where the starting and ending points of the vertical curve are at station 3200-800 and station 3200 + 800 respectively, the length of road with SSD inadequacy, as already stated above is 2472 m approximately.
In current practice, as already stated, such cases are addressed by either decreasing the posted speed, or by defining the appropriate inner shoulder width in order to retain the initial speed.
Regarding the object height, it must be stressed that the German RAA 2008 design guidelines, in order to increase safety during night driving, determine the crest vertical curvature rate based on utilizing the tail lights as object height (0.50 m). However, in cases of SSD investigation where for example median barriers are present, in order for the driver to Legend: R horizontal radius, L spiral length (desirable, in AASHTO), K rate of vertical curve, s grade, e superelevation rate be able to identify a stopped vehicle, the object and driver's eye heights are equivalent (1.00 m). The above concept is adopted at the bottom chart of Fig. 5 , where by setting the object height equivalent to the driver's height (1.08 m), a massive improvement in terms of SSD adequacy is delivered. Examining more thoroughly the bottom area of Fig. 5 , it can be seen that SSD provision adequacy is provided at the area where the crest vertical transition falls entirely inside the horizontal curve area, thus confirming, but even more expanding on divided roads, empirical recommendations addressed by current design guidelines [1, 4] . Moreover, a recent research by Moreno et al. [17] according to which the location of the vertical midpoint that maximizes available sight distance is located before the horizontal vertex, is validated on divided roads with median barriers as well.
The areas of peak SSD shortage in Fig. 5 are found at the entrance and exit areas of the horizontal curve where the vertical transition is about to end. For example at St.1600 the vertical transition concludes approximately 300 m inside the circular curve (1600 + 800).
However, many of the above utilized parameters are either based on experience or do not represent the entire passenger vehicle fleet. Therefore, in order to point out -ready to use in practice-acceptable arrangements of compound alignments with adequate SSD, even where the SSD DEMANDED slightly exceeds SSD AVAILABLE , the authors introduce the term Btolerable road length not visible to the driver^. This length represents the distance travelled during driver's perceptionreaction time, which is somehow forgiving since SSD inadequacy is implemented from this point ahead. Therefore, areas shown in Fig. 5 with SSD inadequacy up to 95 m approximately (V = 130 km/h, t perc-reac = 2.5 sec) seem acceptable for positioning the vertical vertex.
The authors suggest that by increasing the object height to 1.08 m (equivalent to the driver's height), while performing SSD adequacy investigation on left curved divided highways, the consistency of the design as well as driver expectations can be satisfied in terms of avoiding ununiformed posted speed areas and unsuitable lateral road broadenings respectively, where in each case safety violations might occur as well.
Moreover, according to Federal Motor Vehicle Safety Standards [35] , as the stop lamp heights of passenger cars fall between 38 and 183 cm (15-72inch) , in order to avoid extensive design and operational interventions, it is a matter of enforcing the installation of additional stop lamps in passenger cars mounted not below 1.10 m. 
Conclusions
In this paper, the SSD adequacy investigation carried out on left-turn curved divided highways is based on the difference between the available and the demanded SSD. On the one hand, the SSD DEMANDED is defined based on the point mass model introduced by many design guidelines worldwide, enriched by the actual values of grade and friction variation due to the effect of vertical curves and vehicle cornering respectively. On the other hand, the SSD AVAILABLE is described as the driver's line of sight towards the object height at a certain offset in 3D roadway environment. The paper is focused on examining potential safety violation for AASHTO 2011 design guidelines, regarding SSD provision for 130 km/h vehicle speed, on the passing lane of left curved divided highway overlapped with crest vertical curves the alignment of which is rather comfortable.
Although a single case of compound alignment, in terms of design values utilization, was examined, the research revealed an extensive area of SSD inadequacy, where AASHTO 2011 design guidelines fail to guarantee safety during emergency vehicle braking. The impact of such cases can be detrimental to the cost and/or performance of existing and new road designs, since excessive geometry amendments (e.g., widening the inner shoulder or, as shown in the present paradigm, increasing the horizontal radius more than three times) and/or unnecessary posted speed areas seem inevitable, which may as well violate either the driver expectation or the design consistency respectively.
Therefore, in cases of SSD adequacy investigation on left curved divided highways, the authors suggest an increase of the object height to 1.08 m, as the optimal mean to avoid extensive design and operational interventions.
It is accepted that it will not be feasible to retrofit the many millions of vehicles currently affected, but vehicle construction and use regulations should be modified to achieve this in the future vehicle fleet.
Further research is conducted at the moment to deliver a wide range of horizontal-vertical arrangements the positioning of which can be utilized in any order in order to grant SSD provision for such compound alignments.
Additional work is necessary as well in order to optimize, in terms of SSD provision, the influence of parameters involved, as for example the inner shoulder width, or the median barrier type for every utilized case (bridge or tunnel areas, interchange ramps etc.), where a more clear view of the safety margins will emerge. The parameters used in the present paper (speed values, perception of reaction time etc.) refer to daylight driving conditions, as, on the one hand, the vehicle speed values in night time driving conditions are 6-15 km/h less [36] and on the other hand, the road view geometry changes.
Finally, it should not be ignored that, during the braking process, the human factor in terms of perception-reaction procedure might impose additional restrictions and, consequently, influence the braking process.
